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Indian Standard
GUIDE FOR THE EVALUATION OF INSULATION SYSTEMS OF ELECTRICAL EQUIPMENT
PART 7 MULTI-FACTO-R Section 1 Test FUNCTIONAL Procedures TESTING

0.
0.1 This
Indian Standard Standards Institution on 20 Electrical Insulation Systems the Electrotechnical Division

FOREWORD
( Part 7/Set 1 ) was adopted by the Indian June 1986, after the draft finalized by the Sectional Committee had been approved by Council.

0.2 This standard ( Part 7]Sec 1 ) is one in the series of standards dealing with guidelines for the evaluation of insulation systems of electrical equipment. These guidelines include method of identification and general principles of functional evaluation of insulation systems together with test procedures to evaluate the behaviour of systems under different factors of influence. 0.3 Valid functional tests require the application of all relevant factors of influence to the test object and that ideally, stresses that act at the same time in service should be applied simultaneously. However, the general consensus of experts all over the world is that the required test procedures would be far too complex and difficult to undertake. The adequacy of state-of-the-art for specifying multi-factor test procedures is also required to be examined for preparing adequate guidelines. 0.4 However, that: investigations done at the international amount is rapidly of know-how expanding in on level has indicated testing as in

a) A considerable actually exists. b) This know-how depth. c)

multi-factor as well

breadth

Users and manufacturers of different kinds of electrical equipment are showing increasing interest in multi-factor functional testing of the insulation systems of their equipment in order to validate assessments of service performance. 3

IS : 11182 ( Part 7/Set 1 ) - 1986 0.5 The concerns
of the reliability and adequate service life of economically designed and manufactured electrical equipment have increasingly motivated manufacturers and users, and their standards committees, to consider more advanced methods of insulation evaluation than the simplest conventional test methods, or mere reference to classification tables. The need of comprehending the actual ageing and failure mechanisms of the insulation in service and of their appropriate simulation in laboratory tests is leading to new approaches regarding the methods of ageing and diagnostic procedures and the final interpretation of the test results. Since equipment insulation in service usually is subjected to the actions of several factors of influence, a multi-factor test will in many cases be considered. 0.6 Technical Committees which are considering the need to develop multifactor testing procedures for their insulation systems, will find in this standard descriptions of technical problems and practical possibilities which may be helpful for their purpose either as guidance or, at least, as a check list. The emphasis of this document particularly concerns two matters; the realistic modelling of service ageing in a functional test, and the concern that tests be as simple and practical as possible. 0.7 The standard ( Part 7 ) consists of several sections, Section 1 consists of two sub-sections. The first sub-section is in the form of a tentative guide to stimulate application studies by equipment technical committees. The form of a definitive guide for the multi-factor functional testing of insulation systems and the time of its further development will be influenced by the outcome of such studies. The second sub-section is written as an informative ing the subject and serving to explain the first part. essay introduc-

6.8 Section 2 of this standard will contain outline of statistical methodology used in statistical treatment of multi-factor tests. The outline will statistical mathematical modelling, primarily cover three areas namely, statistical test plans and data analysis. In the area of modelling a brief review of statistical distributions used in estimating parameters, percentiles and reliabilities will be given. Assumptions about dependence of distribution parameters on engineering variables, applicability of regression theory and analysis of variance, and fitting models to experimental data will all be discussed. In the discussion of test planning, concepts of plan efficiency, robustness and censoring will be covered. Also, some ideas about when such will be test plans are appropriate for various types of randomization discussed.

4
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In the data analysis, all the steps, from model fitting through determination of confidence intervals of the estimates, to checking how well the model fits the data and checking data for blunders and other problems will also be briefly reviewed. Appropriate references to literature those who need to use this methodology, sources will be provided for

0.9 In the preparation of this standard (Part 7/Set 1 ) considerable assistance has been derived from IEC 63 ( Central Office ) 20 `Multifactor functional testing of electrical insulation systems, Section 1 Test procedures, issued by International Nectrotechnical Commission.

1. SCOPE 1.1 This standard ( Part 7/Set 1 ) is intended for use by equipment technical committees as a guide when developing functional test procedures for their specific insulation systems for use in long life electrical equipment exposed to more than one factor of influence in service.
NOTE - The under study. need for a similar guide for short-life electrical equipment is

1.2 This
actions tests.

guide contains recommendations regarding the sequence of and details of the procedures required for the specification of such

Simulation of service ageing by one or several single-factor tests on separate specimens is not within the scope of this standard. In such cases refer to other parts of the standard. 2. TERMS

AND DEFINITIONS
new terms are introduced. These defined in Part 1 of this standard. are in addition to They are illustra-

2.0 In this document
otherterms already ted in Fig. 1. 2.1 Interaction by the combination sum of their ageing

Modification of the type or degree of ageing produced of two or more factors of influence relative to the effects if acting individually on separate objects.

NOTE 1 - Ageing effects are understood to be any primary changes in the insulation due to ageing, for example, changes in chemical composition. NO'IE 2 - Usually, changes in physical properties are measured and used to describe the `degree of ageing'. However, they may depend on the ageing effects in a very complicated manner. Therefore, even when interactions are absent, changes in physical properties may not be additive as are the ageing effects ( by definition ). NOTE 3 of `interaction'. The above definitions differ from the accepted statistical definition

5
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INTERACTION

SEPARATE SPECIMENS

BATCHES

OF

MULTI-JACTOR

TEST

MULTI-FACTOR

TEST

FIG. 1 DTAGRAM FOR CHOOSING A VALID TEST PROGEDURE CONSISTENT WITH KNOWN OR EXPERIMENTALLY OBSERVED SERVICERELATIONSHIPS 2.2 Direct Interaction - Interaction between simultaneously applied factors of influence, which differs from that occurring with sequentially applied factors of influence. Factors producing direct interaction are not necessarily ageing factors. 2.3 Jndirect Interaction - Interaction between simultaneously applied factors of influence, which remains essentially unchanged when the factors are applied sequentially, indirect interaction can only be caused by ageing factors.

SECTION IA TENTATIVE GUIDE -FOR THE PREPARATION OF MULTI-FACTOR FUNCTIONAL TESTING PROCEDURES 3. PREPARATION OF MULTI-FACTOR . TEST PROCEDURE

3.0 To establish the f.,undation upon which the evaluation procedure for the equipment insulation system will be based, Technical Committee should review the available evidence regarding service experience, record of failures, experience gained during the development of the insulation Committee should systems, common design practice, etc. The Technical base its evaluation procedure on available knowledge in such a way that the risk of unknown relationships invalidating the results is reasonably reduced.

6
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Sequential procedures may be developed in which alternative consequential actions are listed to cove1 each possible outcome of a preceding As another approach, the Committee may instigate research of action. tests to establish procedure. Example of subjects which are of particular concern are the identification of the ageing factors and their relative importance, and the identification of the interactions between factors and their nature. Such knowledge enables the development of technically sound tests which also are maximally practical and simple, a central concern of this document. 3.1 General 3.1.1 Principles functional tests are needed:

Multi-factor

a) When more than one ageing factor can substantially affect the performance of the insulation system, and change in relevant properties are known or suspected to be non-additive, or the absence of factor interaction is not confidently known. b) When direct interaction between at least one ageing factor another factor of influence is known or suspected to exist. and

3.1.2 Simultaneous service factors are most reliably simulated by a simultaneous test. Availability of ageing facilities may, however, lead to the consideration of a sequential test as an alternative. This approach is valid on condition that the interactions between the factors are ot' the indirect type. 3.1.3 Even in the case when separate single-factor tests are considered to be adequate - whichmay be presumed but usually is not confidently known - a sequential test on the same test objects may, in many cases, be preferable to a series of independent single factor tests for the same factors of influence on different batches of test objects. While care must be exercised to ensure that sequential application of the accelerated factors does not produce failure mechanisms that do not occur in service, this method has the potential of reducing testing effort while allowing indirect interactions to occur as in service. The above considerations are illustrated in Fig. 1.

3.1.4 When preparing screening test procedures to establish the absence, or presence and kind of significant interactions, the application of statistical methods may be helpful. Such methods are reviewed in Section 2 of this standard. 3.2 Service Conditions to be Simulated and the

3.2.1 The Technical Committee should identify the ageing factors the other factors of influence which are known or supposed to affect

IS : 11182 ( Part 7/Set 1 ) - 1986 life if the insulation in service. The ageing factors and mechanisms should be ranked according to their importance, and changes of this order during the life history of the insulation should be noted. The order of occurrence of the factors ( simultaneously, sequentially ) should be established as well as information regarding relative operating times and factor stress levels in service ( rated, average, overload conditions, transients, stresses during test periods, etc ). 3.2.2 It is recommended to define a set of reference service conditions based on the listing above, for the purpose of selecting test ageing conditions. The reference service conditions should specify factors, their stress levels sequence and relative operating times. 3.2.3 To facilitate the specification~of as simple a test as possible it may be helpful to separately consider different service conditions which always occur at different times, in a certain sequence or randomly. Such conditions may, for example, be~starting, normal load changes, different kinds of anomalous operation ( overload, transients ), stops, prolonged In some cases cyclic variation like day test, storage and transportation. and night or the seasons may be relevant. The actual combinations of external environmental factors with load dependent internally generated factors may relatively easily be identified through such an approach. Expert knowledge may then permit an estimation of which factors and combinations are essential. 3.3 Integration Between Factors of Influence 3.3.1 Knowledge of the actual physical mechanisms of insulation deterioration is important to a good and rational design of functional test. Knowledge regarding the presence and kind of interaction between factors may also permit simplifications of the ageing procedure to be introduced relative to the scaled reproduction of the service situation. 3.3.2 Ageing by simulation factors in service can be modelled by their simultaneous application in a test. This becomes a necessity in the case of their direct interaction. If the interaction is known to be indirect then a sequential application of these factors is a valid alternative which may be preferred in order to reduce the testing effort. 3.3.3 Ageing by sequential action of factors in service can best be simulated in a multi-factor test by their sequential application. The Technical Committee should preferably identify the presence and kind of interactionbetween factors on the basis of service experience and of evidence regarding the actual mechanisms of insulation degradation.
NOTE 1 - Interaction may accelerate or slow down the rate of ageing. NOTE 2 - Temperature and -environment ( as possible interacting factors) should not be disregarded without a proper control or extensive experience, even in cam where they are not known to produce direct interaction. NOTE 3 - A review of interactions between factors of influence is given in 6.
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3.4.1 The functional testing of insulation systems for use into a service life equipment can, in the present state-of-the-art, only be of a comparative nature.
3.4.2 Three possible cases can be insulation system is compared with documented service record. a) distinguished when a known reference the candidate system with a

Qualijcation for identical service conditions - This is the simplest case. All ageing and diagnostic procedures will be identical in this case for the candidate and reference systems. Simultaneous exposure in the same facilities is recommended to reduce dispersion of results. Upgrading to withstand higher levels of non-ageing stresses - The ageing procedures for both systems will be identical The diagnostic procedures will differ with regard to the applied stress levels, possibly also with regard to the diagnostic factors. The combination and sequence of diagnostic factors should be as similar as possible, still retaining correct simulation of the reference service conditions. Upgrading to withstand higher ageing stress levels - In this case the diagnostic procedures should remain identical. The ageing procedures will differ with regard to the applied stress levels, but the kinds, combinations and sequences of factors applied to age the specimens should be the same.

b)

c)

4. CONCERNS

REGARDING

THE

SPECIFICATION

OF

THE

PROCEDURE Procedure
Princi$e - The accelerated in a cyclic manner. Each cycle ageing sub-cycles, with simultaneous application of ageing test may contain is frequently the following

4.1 Ageing
performed sub-cycles:

4.1.1 General

a) Single-factor

b) Multi-factor ageing sub-cycles the respective factors, and c) Diagnosticsub-cycles.

4.1.2 Single-Factor Ageing Sub-cycles - In these sub-cycles system specimens are exposed to only one factor at a time.

the insulation

9
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Ageing factors in these sub-cycles are those factors from the reference conditions ( 3.2 ) which act in service in a sequential manner and without any other simultaneously acting factor. If simultaneous factors are known to ~produce only indirect interation, then each of them may also be applied in a single-factor ageing sub-cycle. For each factor, one sub-cycle with the respective factor shall be performed. To other factors, zero or a value producing effects is given. intensified negligible

4.1.3 Multi-factor Ageing Sub-cycles - In these sub-cycles two or more factors should be increased to produce equal contributions to the ageing rate. When choosing the levels or frequencies, available information regarding the single-factor ageing of the insulation system may be useful. Combined acceleration may be significantly different as a consequence of interaction. Therefore, moderate values of the individual accelerations . should be selected. 4.1.4 Diagnostic Sub-cycles - These sub-cycles often comprise of treatments with partly different purposes as, for example: a) Potentially destructive treatments example, by mechanical vibration insulation to develop cracks. to reveal which may a sequence

degradation, for cause embrittled to amplify the

by humidification b) Conditioning, for example, discerning capacity of a subsequent proof test.

c) Potentially destructive diagnostic tests ( proof tests ), for example the brief application of a specified voltage. d) Non-destructive properties. or destructive determinations of one or more treatments

Further considerations regarding the selection and of corresponding end-points are given in 4.4.3.

of these

4.1.5 Cycle lengths - Normally, the accelerations and cycle lengths should be chosen so that about one-half~of the test objects will fail within ten cycles of single-factor tests ( or at least in such a single factor test where the ageing effect is strongest ). Then, when the multi-factor tests are carried out, more than half of the test objects would be expected to fail within ten ageing cycles. Additional diagnostic tests may be performed after the last planned cycle ( 10th cycle or when half of test objects have failed ), in order to increase the information on the state of the insulation system at the end of the ageing tests,

10

-IS : 11182 ( Part 7/Set 1 ) - 1986 Care should be taken sub-cycle are not excessive, mechanisms. 4.2 Acceleration of Tests that changes in relevant properties since large changes may produce during any unexpected

4.2.1 Fixed accelerated values of level and/or frequency are selected for every ageing factor and remains constant for the duration of the repetitive test cycles. Selection of the stress acceleration values and thus the degree of single factor intensification for each test sub-cycle are most conveniently determined by the results of earlier single-factor experiments. For each stress approximately be recommended ( see also 4.1.3 ). 4.3 Diagnostic Factors the same ~degree of acceleration Criteria should

and End-Point

4.3.1 The selection of the sequence of the individual treatments comprising the diagnostic sub-cycle ( 4.1.4 ) should be guided by available knowledge regarding the ageing mechanisms in service. It is recommended to use the non-ageing factors and levels of the reference service conditions mentioned in 3.2. In many applications the sequence indicated in 4.1.4 has been found to be satisfactory, that is, potentially destructive treatments - conditioning treatments - proof tests and/or determination of property values. 4.3.2 The diagnostic procedure must comprise the specification of an end-point. This may be the physical failure, during an ageing sub-cycle, of the test object which may be revealed immediately or during the next diagnostic sub-cycle. It may also be an event or condition, such as failure due to a diagnostic treatment or the attainment of a property limit. The end-point may be characterized by a single condition ( for example, level u of property A ), or by one of several alternatives ( level a of A, or level b of B, etc ), or it may be given as a combined condition ( level a of A and level b of B, etc ). Relevant end-point criteria may be found through failure analysis, stress analysis and/or appropriate tests. 4.4 Evaluation of Test Results

4.4.1 The most straight forward method of evaluating the results of functional testing of the candidate and reference insulation systems is to compare their test times to reach selected end-point criteria. If there is no statistically significant difference, on a confidence level specified by the Equipment Technical Committee, between the distributions of the times to reach the end-point criteria for the candidate and reference test objects, then it may be concluded that they are equivalent in the test used. 11
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4.4.2 Sometimes, however, there are no failures, or an insufficient number of failures, within the planned number of test cycles. Two possibilities then exist, either continue testing cycles until a sufficient number of failures occur for statistical analysis, or carry out additional diagnostic tests designed to reveal the extent of deterioration in the insulation systems being compared in relation to the end-point criteria selected.
4.4.3 Two types of diagnostic tests may be used. In general, presentation of the results in the form of curves for selected properties of the insulation systems versus test duration, can be more informative. These property determinations can be made by either non-destructive or destructive tests. When property changes measured by non-destructive tests are selected as criteria for insulation deterioration, they can be compared for the candidate and reference insulation system after every cycle of functional testing, using the same specimens each time. This procedure requires that the end-point criteria be appropriately related to the change in properties. 4.4.4 When destructive diagnostic tests are selected as the method of determining progressive deterioration of insulation system properties to provide during cyclic ageing functional tests, it will be necessary sufficient number of test objects containing the candidate and reference insulation systems for proper statistical evaluating of the failure data. In this case a planned number of test objects are removed periodically from functional testing according to a schedule of ageing cycles to be completed for each degree of ageing for which property data are desired. Normally, a group of test objects will be removed only after exposure to all the subcycles of the last ageing cycle they are scheduled to complete. Again, the testing results, expressed in figures or graphs for each system, may be compared to make the evaluation. For both non-destructive and destructive diagnostic property test it is important to provide measurements on unaged test objects so that initial conditions may be recorded in the figures and graphs. 4.5

Test Report 4.5.1 The test report should include:

a) b)

Description

of the insulation

systems; the reference

Description of the service experience concerning system, including interactions ( when necessary ); their levels factor; in the test, and

C> Reference conditions; d) Ageing factors and
acceleration of each

single

factor

12

IS : 11182 ( Part e) Test sequence;
f) Diagnostic g) End-point h) j) Ageing treatments, criteria tests and measurements; selected; end-points, individual when feasible; and values
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curves; and medians,

Time to reach the statistical treatment

k) Identification system.

of the new system

in comparison

to the reference

SECTION

1B

ESSAY

ON MULTI-FACTOR TESTING TESTING

FUNCTIONAL

5. MULTI-FACTOR 5.1 All electrical

FUNCTIONAL

insulations are exposed in service to multifactor situations: the combination of at least, temperature, environment and electrical stress is always present. -This may or may not give rise to interactive ageing which can be defined as follows: when the ageing effects produced by the factors of influence differ from the sum of the ageing effects produced by each factor in isolation, then interactive ageing is said to take place. The cause of the departure from combination of the separate ageing effects shall be called `Interaction'. 5.2 In this context, the term `ageing effect' is used to describe primary changes in the insulation, for example, changes in chemical position as a consequence of ageing reactions of diffusion phenomena. Changes in physical properties, which often are used to describe the degree of ageing, may depend on these primary changes ( ageing effects ) in a complicated manner. Therefore, the changes in physical properties may not be additive as the ageing effects are ( by definition ) when interactions are absent. 5.3 The aspect of factor interactions that is of interest to the concerns of the functional testing of insulation systems is the distinction between direct and indirect interaction. This is borne out by the definitions in 2.2 and 2.3 which, however, are not explanatory. In more physical terms, direct interaction is a change, caused by the second factor, of the rate of the degradation produced by the first factor. Direct interaction is caused by it is the second factor itself. In the case of indirect interaction, however, not the presence of the second factor but rather its irreversible effects on the state of the insulation, which are the cause of the modification of the ageing by the first factor. Such interaction can occur either due to a change of the intensity of the first factor or due to a change of its ageing effects at constant intensity. 13
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experience already exists in several aspects of multifactor testing. It is to be noted that many kinds of electrical equipment in reality experience multi-factor stressing. However, where the dominance of thermal ageing was well known, the other factors were neglected. When multi-factor testing is important, modelling tions may still be achieved by simplified procedures. of service situa-

When equipment in service experiences simultaneously acting factors, the ageing can be simulated by either simultaneous or sequential application of the factors in a functional test, depending on the kind of interaction between the factors. 5.5 On the other hand, when equipment experiences sequentially acting factors, the modelling requires a sequential test irrespective of how ageing by these factors would proceed if they had been acting simultaneously. For example, power electronic equipment operating under load, for a period of time, and periodically shut down for an interval long enough to absorb humidity and then return to service, experiences a periodic temperature cycle and a humidity cycle. Figure 1 illustrates the choices oftest procedure which may produce valid evaluations in different cases of factor combination and knowledge regarding interact ions. 6. EXAMPLES

OF

INTERACTION

BETWEEN

FACTORS

OF

INFLUENCE
of relatively well known mechanisms~of interaction between factors of influence arc briefly reviewed below. This review is by no means exhaustive but is merely a collection of more or less typical examples. In actual service any of these examples, as well as other cases of interaction, may dominate the ageing of an insulation system in a particular type of equipment during its entire life. It may, however, also happen that more than one of these interactions exist at the same time, A very important aspect which is proven by the careful examinations of service failures in quite different types of equipment, is the possibility of drastic changes of ageing mechanism and of the main ageing factor sometime during the life of the insulation. For example, gradual ageing caused by one dominating factor ( possibly with interaction from other factors ) may irreversibly change the condition of the insulation in such a way that degradation produced by a different factor becomes dominant, This may result because the primary change intensifies either the second factor of its action at constant level. Similar effects may also be produced by reversible changes of the state of the insulation system, for example, the transformations which occur at certain temperatures such as melting, glass transition, etc. 14

6.0 A number
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6-1.0 The main aspect of thermal ageing involves the progress of chemical and physical changes as a consequence of chemical degradation reactions, polymerization, diffusion, etc. These are rate processes proceeding toward the state of thermodynamic equilibrium.
If the normal thermal ageing generates an unstable component, this component may react with the other chemical species serving to influence the overall chemical reaction rate, and hence the thermal ageing. Other aspects due to permanent, might be considered ageing. are related to the occurrence of mechanical stresses transitory or periodic temperature gradients. This under the heading of either thermal or mechanical

6.1.1 Interaction of 33 - The main interaction of electrical stress normally contributes to temperature increase. Such interactions generally fall into two groups:

4

Increased temperature and modified thermal gradients due to dielectric losses. These depend on voltage, frequency, and on material properties. In extreme cases thermal instability may occur. This is a direct interaction. In test conditions, the average or highest temperature increase should be taken into account when determining the test temperature. Electrical ageing. in particular by partial discharges and to some degree by tracking, in addition to its immediate effects also produces agents ( chemically active species from the gas in which discharges occur, free radicals and ions in effected areas of the insulation ) which may significantly affect the rate processes. These interactions may be of the direct and/or indirect type, depending on the life of the active agents in the actual environment.

b)

6.1.2 Interaction of A - Considering that a chemical process is generally included in the mechanism of thermal ageing, it is evident that the composition of the environment of the insulation system will be important.
For example, its oxygen content will have a direct action on oxidation. Also moisture can have an important effect on thermal ageing. When special environments are involved, or when insulating fluids are part of the insulation system, degradation products of these environments of fluids may be chemically active. This is the case with agents which may be present in normal service or due to accidents ( failure of cooling circuits, contamination by lubricants, etc ). The increasing importance of radiation 15 should be recognized.
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Depending on the case, the effects of the environmental direct or indirect. factors are

either

of mechanical ageing can be 6.1.3 Interaction of M - The influence illustrated by the effect of a delamination of layered insulation structure on the heat transfer through this insulation. This may considerably increase the local temperature with a resulting effect on rate processes, and temperature gradients and their mechanical effects. Such effects are mainly indirect. 6.1.4 Interaction of E and A - It can happen that the combined action of electrical stress and environment play a role in thermal ageing, for example, if an electrolytic or tracking process is involved. 6.2 Electrical Ageing - It is known that all other factors of influence, including radiation, can affect electrical ageing. In view of the diversity of the againg mechanism and so of the possible interactions, some selected examples only are given here. 6.2.1 Interaction case of interaction aspects: of T-This between is probably the most factors of influence. It extensively studied can have different

a) Effects on the causes of electrical ageing -Temperature can drastically change the partial discharge inception voltage and intensity through reversible or irreversible processes ( change of conductor and insulation, of gas pressure in a void, of surface conductivity, etc ). b) Eflects on the endurance @roperties of the insulation system-The degradation caused by partial discharges of a given intensity may change due to temperature dependent material properties. Whether at hand. these interactions are direct or indirect depends on the case

6.2.2 Interaction of A - It is well known that the nature and pressure of the surrounding gas is of great importance for partial discharges. Also, the dielectric properties of insulation systems are sensitive to moisture, and this can significantly affect electrical ageing. Electrolytic processes can be produced due to particular atmospheric conditions. These interactions are in most cases of the direct type. 6;2.3 Interaction of M -' The mechanical degradation which leads to a change of conformation may produce partial discharges in new voids or change the dischage intensity in existing voids when their shape is changed. This is an indirect interaction. 16
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6.2.4 Interaction of T and M - In the same way as stated above, mechanical stresses can be of importance for the development of faults in the insulation, with resulting partial discharges. This is an indirect interaction. 6.3 Environmental Ageing - Environmental ageing is in most cases correlated with rate processes as discussed under thermal ageing. The increasing importance of radiation to the ageing processes of an insulation system should be recognized. Both direct and indirect interaction may occur, depending on the nature of the radiation and its intensity. 6.3.1 Interaction of TTemperature produces a decisive direct interaction. It may also have an indirect effect by bringing an active ageing to the place of reaction. The formation of cracks for any reason may bring active products to internal regions. This might, for example, make hydrolysis a dominating reaction in this region by permitting migration of water. 6.3.2 lTnteraction of E - The presence of an electrical field, even at low voltage, is able to completely change the process of environmental ageing in particular by the introduction of electrolyic mechanisms. This is a direct interaction. 6.3.3 Interaction of M ( or A4 + T ) - Mechanical ( and thermomechanical ) ageing may produce interfaces, which may bring environmental agents ( for example, water ) to new places. Such interactions are indirect. 6.4 Mechanical Ageing 6.4.1 Interaction of T, E, A and Their Combinations - Interaction mechanical ageing applies particularly to the effect of temperature. with

'

Due to differential expansion, mechanical ( or thermosmechanical ) stresses can be induced by the action of temperature alone. Thermal cycling may then produce a significant mechanical ageing. Thermal, environmental and electrical ageing nical properties in ways which change the etfects ( for example, embrittlement and plastification ). dust may produce abrasion and wear on external are indirect interactions. 17 may influence mechaof mechanical ageing Also, the presence of surfaces. Such effects

INTERNATIONAL
Base Units Quantity Length Mass Time Electric current Thermodynamic temperature Luminous intensity Amount of substance Supplementary Quantity Plane angle Solid angle Units Units

SYSTEM

OF UNITS

( SI UNITS)

Unit metre kilogram second ampere kelvin candela mole

Symbol m kg s A K cd mol

Unit radian steradian

Symbol rad
CT

Derived

Quantity Force Energy Power Flux Flux density Frequency Electric conductance Electromotive Pressure, force stress

Unit newton joule watt weber tesla hertz siemens volt Pascal

Symbol N J W Wb T Hi! S V Pa 1 1 1

Definition N = 1 kg.m/s' J = 1 N.m W = 1 J/s

1 Wb = 1 V.s 1 T = 1 Wb/m* 1 Hz = 1 c/s (s-1) 1 S =I A/V 1 V = 1 W/A 1 Pa = 1 N/m*

